Background and Purpose-The measurement of markers of inflammation or thrombosis has been proposed as a method to improve the prediction of risk in patients with vascular disease. We evaluated the usefulness of these markers as predictors of cardiovascular events in ischemic stroke patients. Methods-We analyzed levels of C-reactive protein (CRP), fibrinogen, and D-dimer within the first 24 hours after stroke onset in 473 first-ever ischemic stroke patients and determined the cumulative survival curves free of cardiovascular events in relation to the level of each of these markers according to the Kaplan-Meier method. We adjusted for possible confounding variables using a multivariate Cox proportional-hazards model. Results-Patients in the highest tertiles of D-dimer, fibrinogen, and CRP were associated with an excess risk of new cardiovascular events of 36% (Pϭ0.0134), 63% (PϽ0.0001), and 72% (PϽ0.0001), respectively, compared with patients in the lowest tertile. The patients in the highest tertile of CRP had 4 times the risk (hazard ratio, 4.04; PϽ0.0001) of a new cardiovascular event. Smoking, age, sex, and body mass index did not modify risk, and risk was independent of other confounding variables and of D-dimer and fibrinogen levels. The use of ticlopidine was associated with a significant risk reduction among patients with lower (86%, Pϭ0.0159) and middle (69%, PϽ0.0001) levels of CRP, whereas a nonsignificant excess risk (27%, Pϭ0.3896) was evident among those with the highest levels. Conclusions-Elevated levels of CRP, more than of D-dimer and fibrinogen, are related to the risk of new cardiovascular events after ischemic stroke. The efficacy of antiplatelet therapy in secondary prevention appears to be directly related to level of inflammatory and thrombotic markers.
S
trokes kill Ϸ5 million people each year. 1 Among those who survive a stroke, the risk of further stroke is very high: at least 1 in 6 suffers another stroke within 5 years. 2 Although the risk of death and new vascular events after first-ever stroke is high, prediction of recurrent events or death is difficult. Increasing age, cardiovascular comorbidities, atrial fibrillation, arterial hypertension, diabetes mellitus, carotid stenosis, and stroke severity are all associated with death and new vascular events, but the sensitivity and specificity of these risk factors are low. [3] [4] [5] [6] Accumulated data demonstrate that inflammation plays an important role in the pathophysiology of ischemic stroke. 7, 8 Elevated blood levels of inflammatory and hemostatic markers are associated with increased cardiovascular risk in healthy subjects and in patients with coronary heart disease (CHD) and ischemic stroke. 9 -11 Previous studies have also shown the brisk activation of fibrin formation and platelet activation in the acute phase after stroke. 12 Local fibrin formation and lysis are also part of the inflammatory response, and fibrin degradation products, including D-dimer, 13 have been shown to have different effects on acute-phase responses, including hepatic synthesis of acute-phase proteins such as fibrinogen and C-reactive protein (CRP). 14 -17 Furthermore, high D-dimer levels double the risk of acute myocardial infarction in healthy subjects 18 -20 and predict the risk of new events in subjects with CHD. 19, 21 Fibrinogen increases in patients with cardiovascular disease in association with inflammatory reactions, 9, 10 and elevated levels of CRP are associated with an increased risk of cardiac events in patients with unstable coronary artery disease and ischemic stroke, as well as in apparently healthy persons. [22] [23] [24] [25] [26] Only very limited information is available concerning the relationship between the acute-phase response and fibrin turnover and prognosis in patients with first-ever ischemic stroke. Therefore, we extended the follow-up period in the Villa Pini Stroke Data Bank Study 25, 26 to a mean of 2 years to further analyze this relationship. We evaluated and compared the usefulness of D-dimer, CRP, and fibrinogen levels and other indicators of risk, including neuroradiological findings, as predictors of the long-term risk of fatal and nonfatal cardiovascular recurrent events.
Methods

Study Design
The study is part of a prospective hospital-based, first-ever ischemic stroke data bank. 25, 26 We evaluated all 790 patients included between March 1998 and October 1999 with complete data on D-dimer, CRP, and fibrinogen levels. The original inclusion criterion was a diagnosis of first-ever ischemic stroke within 24 hours before enrollment. 25 Exclusion criteria were related mainly to conditions associated with increased levels of inflammation markers. All therapeutic decisions were made without knowledge of the patient's D-dimer, CRP, and fibrinogen levels. All patients provided witnessed informed consent, and the ethics committee of our institution approved the study. We have previously described diagnostic criteria, study protocol, data collection, and follow-up methods, along with the preliminary results. 25, 26 
Blood Sampling and Laboratory Methods
Venous blood samples were obtained at enrollment within 24 hours after index stroke. D-dimer levels were determined by turbidimetric determination of cross-linked fibrin degradation products (Dade Behring). Levels of CRP were determined with a commercially available, high-sensitivity, immunonephelometric, latex-enhanced assay (Dade Behring). 27 Fibrinogen levels were determined by immunonephelometry (Dade Behring) and according to the Clauss method. Details of the analytic procedures have been described elsewhere. 25, 26 The coefficient of variation within each of these assays was 1.3% to 5%; the variation between assays was Ϸ0.8% to 5.7%.
Neuroradiological Findings
CT scan of the brain was performed at enrollment within 24 hours after stroke onset to confirm the diagnosis of ischemic stroke. A second CT or MRI scan was usually performed within 1 week to determine cerebral infarct size. Neuroradiological findings were classified according to type of lesion: large or small infarcts, cortical involvement (Ͼ50%), leukoaraiosis, and single or multiple infarcts. Details of the neuroradiological criteria have been given elsewhere. 26 Brain swelling (sulcal effacement, midline shift, or ventricular compression) was also registered.
Evaluation of End Points
We monitored all patients during hospitalization; thereafter, they were followed up regularly as outpatients for 2 years. The primary end point considered in this analysis was the combination of vascular death (sudden death or death resulting from myocardial infarction, congestive heart failure, systemic embolism, and other cardiovascular causes or as a consequence of the qualifying stroke or of a new fatal stroke in the absence of other intervening causes) and any new nonfatal vascular event, cardiac (myocardial infarction or unstable angina requiring admission to the hospital) or cerebral (recurrent ischemic stroke), whichever came first, during the 2-year follow-up and defined as cardiovascular event.
Statistical Analysis
Differences in proportions were evaluated by the Pearson and Mantel-Haenszel 2 tests as appropriate. The Mann-Whitney U test was used to test the equality of distributions in independent groups. Spearman correlation coefficients were calculated to explore the relationship between D-dimer, fibrinogen, and CRP. The cumulative survival curves in relation to D-dimer, CRP, and fibrinogen levels were determined according to the Kaplan-Meier method with the use of log-rank tests for statistical assessment. On the basis of previous reports, 25, 26 we evaluated the following cutoff levels: Ͻ5, 5 to 33, and Ͼ33 mg/L CRP; Ͻ3.78, 3.78 to 6.17, and Ͼ6.17 g/L fibrinogen; and Ͻ312, 312 to 1327, and Ͼ1327 g/L D-dimer.
We used Cox regression analysis to calculate the unadjusted and adjusted relative risk ratios and 95% confidence intervals (CIs) for cardiovascular events after 1 year and for the total 2-year follow-up period in relation to D-dimer, CRP, and fibrinogen levels. To identify independent predictors of fatal or nonfatal cardiovascular events, we used multivariate Cox regression analyses with forward, stepwise selection in 3 models. All clinical and neuroradiological variables associated with the primary end point in the univariate analysis that had a value of PՅ0.05 were included in the first model. D-dimer and fibrinogen levels were added to the second model, and CRP levels were added to the third model. Variables with a value of PϽ0.05 were entered in the model, and variables with a value of PϾ0.10 were removed. We calculated the hazard ratio and 95% CI when appropriate.
Finally, to address the clinical need for improvement in secondary prevention among persons with ischemic stroke, we also performed a subgroup analysis to evaluate directly whether antiplatelet therapy might modify any relation between D-dimer, fibrinogen, and CRP and the risk of fatal or nonfatal cardiovascular events in ischemic stroke patients. To evaluate whether antiplatelet therapy affected these relations, analyses were also repeated, including an interaction term for antiplatelet therapy, and the considered parameters were treated as log-transformed continuous variables. For all statistical analyses, a value of PϽ0.05 was considered to indicate significant difference.
Results
Patient Enrollment and Baseline Characteristics
Between March 1998 and October 1999, 790 potential first-ever ischemic strokes were registered; 317 (40.1%) were subsequently found to be ineligible because they did not fulfill the inclusion criteria for the present study ( Figure 1 ). The median age of the study population was relatively old (74 years), and 42% (nϭ197) had Ն3 associated atherogenic risk factors. Approximately 39% (nϭ185) had a previous diagnosis of CHD, and Ϸ25% (nϭ118) had atrial fibrillation on admission to the hospital. Three hundred forty-one patients (72.1%) received a primary preventive treatment with aspirin (nϭ252), ticlopidine (nϭ65), or warfarin (nϭ22). The median time from symptom onset to blood sample was 12 hours; the median time to CT scan was 15 hours. At entry, 257 patients exhibited a single infarct, 194 had multiple infarcts, and 22 (rϭ0.20, PϽ0.0001, Spearman's rank correlation). However, the correlations between CRP and fibrinogen levels and between D-dimer and fibrinogen levels were modest (rϭ0.56, PϽ0.0001 and rϭ0.46, PϽ0.0001, respectively).
Clinical Outcome
All patients received a secondary preventive treatment with aspirin (dose range, 100 to 400 mg/d; 41.6%), ticlopidine (dose range, 250 to 500 mg/d; 35.1%), or warfarin (attempted international normalized ratio range, 2.5 to 3.5; 19.9%) with strict control of recognized vascular risk factors. After 1 month, 65 of the 473 patients (19.2%) had a fatal (nϭ20) or nonfatal (nϭ45) cardiovascular event ; after 1 year, 139 patients had a fatal (nϭ55) or nonfatal (nϭ84) cardiovascular event; and 6 died of nonvascular causes. During the entire 2-year follow-up period, 182 patients (38.5%) had a fatal (nϭ64) or nonfatal (nϭ104) cardiovascular event or died of nonvascular causes (nϭ14). Of these, 61 were men and 121 were women; 136 (74.7%) were Ͼ70 years of age; 46 experienced a recurrent stroke; and 58 had a cardiac event. At the end of follow-up, 104 patients (22%) were functionally independent, and 281 (59.4%) were functionally dependent; 149 of them resided in nursing homes or needed assistance to live at home.
Clinical Variables and Neuroradiological Findings
As shown in Table 1 , there were many significant differences between patients who survived free of new cardiovascular events and those who had a fatal or nonfatal cardiovascular event in both clinical and neuroradiological findings at enrollment. No differences were found between primary prevention therapies used before admission (Pϭ0.6456), whereas significant differences were found in hospital treatment and during follow-up. Patients with a cardiovascular event were more frequently treated with intravenous heparin during their in-hospital stay (15.5% versus 4.8%, Pϭ0.0001), whereas patients treated early with ticlopidine (20.8% versus 36.1%, Pϭ0.0001) and during follow-up (25.7% versus 40.2%, Pϭ0.0004) had significantly fewer fatal and nonfatal cardiovascular events. Aspirin and warfarin were used equally in the 2 groups without any significant difference in outcome.
D-Dimer
The median (25% and 75% interquartile range) D-dimer level within the first 24 hours after stroke was higher in patients who had a cardiovascular event during follow-up ( Figure 2A ).
During the first month, patients with intermediate levels of D-dimer (312 to 1327 g/L) had a probability of a fatal or nonfatal cardiovascular event that was similar to that in the group with the lowest levels, but thereafter the risk gradually approached that in the group with the highest levels. The rates of cardiovascular events and unadjusted and adjusted relative risks of fatal or nonfatal cardiovascular events at 1 year and for the entire 2-year follow-up period are presented in Table  2 according to the D-dimer levels.
CRP and Fibrinogen Levels
The median CRP level (25 Figure 2B ). This difference was more evident in the first months after stroke. The risk of patients in the highest tertile increased further but slowly after the first months. The probability of a fatal or nonfatal cardiovascular event was also higher for patients with the highest fibrinogen levels (Ն6.17 g/L) than for those with the lower (3.78 to 6.17 g/L) and lowest (Ͻ3.78 g/L) levels ( 2 for trendϭ30.42, PϽ0.0001; Figure 2C ) but with a clear increase only after the first month after stroke. The rates of fatal and nonfatal cardiovascular events and unadjusted and adjusted relative risks at 1 year and for the total 2-year follow-up period are shown in Table 2 according to CRP and fibrinogen levels at enrollment. Although relative risk was substantially stable over time and after adjustment for confounding factors for D-dimer and fibrinogen, the relative risk for fatal or nonfatal cardiovascular events fell from 8.80 (95% CI, 4.33 to 17.90) at 1 year to 5.76 (95% CI, 3.34 to 10.00) at 2 years in patients in the top third compared with those in the bottom third of CRP concentrations at admission, suggesting a time-to-event dependency.
Multivariate Analyses
Multivariate analysis of the relation among clinical data, findings on the CT scan obtained at admission, and risk of fatal or nonfatal cardiovascular event (model 1) showed that Di Napoli and Papa Inflammation, Thrombosis, and Ischemic Stroke9 variables were significant: age Ͼ70 years, Canadian Neurological Stroke Scale score, the presence of CHD, mitral or aortic valve disease, hypertriglyceridemia, and atrial fibrillation, together with the presence of brain swelling and larger infarcts on CT scan at admission and therapy with ticlopidine at discharge. In model 2, highest fibrinogen levels but not D-dimer levels were independently associated with prognosis, as were a number of other variables. Finally, in model 3, in which the CRP levels at enrollment were added to the other variables, the highest CRP level was an independent predictor of fatal or nonfatal cardiovascular events, whereas fibrinogen levels were not more significant. The hazard ratios and 95% CIs for the independent prognostic variables in models 1 through 3 are given in Table 3 .
Secondary Prevention Therapy
Finally, we analyzed the effect of antiplatelet therapy on the risk of cardiovascular events varied according to the baseline level of .02, Pϭ0.0449). Specifically, ticlopidine treatment was associated with a significant reduction in the risk of new cardiovascular events among patients with baseline levels of CRP and fibrinogen in the lowest and middle tertiles (Table  4) . However, among those with fibrinogen and CRP levels in the highest tertile, the reduction in risk associated with ticlopidine was far smaller and no longer significant (risk reduction, 21.1%; Pϭ0.2513), showing a nonsignificant excess risk as a possible better effect of aspirin in the subgroup of patients in the highest tertile of CRP (excess risk, 26.8%; Pϭ0.3896). Notably, ticlopidine was also associated with a large and statistically significant reduction in the risk of new cardiovascular events among patients with baseline levels of D-dimer in the highest tertile (risk reduction, 61.3%; Pϭ0.0048). These effects were exponential across tertiles, so the apparent benefit of ticlopidine therapy diminished markedly after a threshold of CRP or fibrinogen. However, a similar threshold effect was not evident for D-dimer. The benefit of ticlopidine remained essentially unchanged after adjustment for other confounding factors, and the interaction between ticlopidine therapy and baseline levels of CRP (treated as a continuous log-transformed variable) was statistically significant (PϽ0.0001), but this interaction was not evident for fibrinogen or D-dimer.
Discussion
As expected, we found that several baseline variables were important predictors of a higher risk of fatal or nonfatal cardiovascular event during the 2-year follow-up. In this prospective study, CRP, fibrinogen, and D-dimer were found to be significant predictors of the risk of future cardiovascular events. However, only CRP was independent of other clinical, laboratory, and neuroradiological prognostic factors in predicting the risk of recurrent cardiovascular events with a time-to-event dependency. Finally, the benefit of antiplatelet therapy was variable in reducing the risk of new cardiovascular events according to levels of CRP, fibrinogen, and D-dimer at enrollment, an intriguing finding given that aspirin and ticlopidine have different antiplatelet effects.
Several studies have found that an increased concentration of hemostatic or inflammation markers is associated with worse prognosis in vascular disease. 9 -12 However, there are no head-to-head comparisons between acute-phase reactants and D-dimer considered jointly. The inflammatory and thrombotic components in ischemic stroke are of current interest, and there is some experimental evidence that they may be linked. 7,11,12,14 -17 CRP, fibrinogen, and D-dimer levels showed a weak to moderate correlation. This correlation supports the hypothesis that there may be a link between these markers of inflammation, hypercoagulability, and fibrin turnover, respectively, in ischemic stroke patients, which may be associated with an unstable atherosclerotic condition that can increase the risk of future cardiovascular events. However, the correlation is not strong, which suggests that other factors have different effects on the levels of these variables.
The results of the present study have several implications. First, the findings confirm that in patients with ischemic stroke, CRP is an important predictor of the risk of recurrent cardiovascular events. Thus, from a pathophysiological perspective, the current data support the hypothesis that patients who respond to stroke with marked activation of the inflammatory system may be at risk for more intense activation of coronary triggering events. 28, 29 Second, we used commercially available assays. The commercial assays are inexpensive and can be used with standard laboratory equipment; thus, screening for these predictors of vascular risk would be practical in many clinical settings. Third, our observation can significantly improve the prediction of vascular risk in patients with ischemic stroke and may lead to better clinical identification of patients who might benefit from an aggressive secondary prevention and for whom the cost-to-benefit ratio for long-term use of new antiplatelets agents would be improved with public health implications. This issue is particularly intriguing because recent data from the Clopidogrel Versus Aspirin in Patients at Risk of Ischaemic Events (CAPRIE) study indicate that clopidogrel was significantly more effective than aspirin in reducing the combined risk of ischemic stroke, myocardial infarction, and vascular death in patients with atherosclerotic vascular disease. 30 However, the large number of patients who would need to be treated and the high cost of this approach have limited the application of those findings in a clinical practical setting. Thus, our observation that CRP, fibrinogen, and D-dimer levels can significantly improve the prediction of vascular risk may lead to better clinical identification of patients who might benefit from new strategies of secondary prevention.
Finally, the present findings indicate that the effects of aspirin and ticlopidine after an ischemic stroke are variable. The effect of ticlopidine in preventing recurrent cardiovascular events was greater among patients with lower CRP or fibrinogen concentrations, and the benefit diminished significantly after a threshold. After this threshold, aspirin is probably more effective. However, our study does not have sufficient statistical power to confirm this hypothesis. Patients with large inflammatory burdens may have a distinct vascular mechanism leading to thrombosis that is affected differently by aspirin and ticlopidine therapy. There is greater activation of the coagulation system in patients with acute ischemic stroke with elevated CRP levels, 9 and elevated levels of CRP and fibrinogen can persist for a long period after stroke. 26, 31, 32 The antiaggregatory effect of ticlopidine is significantly decreased with higher plasma fibrinogen concentrations, 33 and in our patients, it is remarkable that in the presence of low levels of soluble fibrinogen, 13 ticlopidine produced a strong and significant risk reduction (61%). Ticlopidine, which inhibits platelet aggregation through irreversible inhibition of the binding of ADP, could not produce sufficient clinical relevant inhibition of platelet aggregation. 34 From this standpoint, aspirin could be more effective because it inhibits platelet aggregation by irreversibly blocking the prostaglandin G/H synthase 1. 35 
Di Napoli and Papa Inflammation, Thrombosis, and Ischemic Stroke
Different factors may influence the levels of CRP, fibrinogen, and D-dimer and thereby act as confounders. However, together with strict enrollment criteria to avoid possible confounding factors capable of increasing inflammation markers, there were no major changes in the relative risk of cardiovascular event after adjustment for age, smoking status, body mass index, and sex (Table 2) . Furthermore, we also validated the consistency of our ischemic stroke cohort. 26 We draw 3 main conclusions. First, CRP proved to be the strongest and most significant predictor of the risk of future cardiovascular events in ischemic stroke patients, independently of other risk factors. Fibrinogen and D-dimer, when CRP levels are taken into account, do not show the prognostic value that was previously reported. [11] [12] [13] Second, these data raise the possibility that the addition of CRP to standard initial screening will generate an improved method for identifying persons at high risk of future cardiovascular events. Finally, the benefits of antithrombotic therapy appear to be modified by underlying inflammation. The latter observation also suggests the possibility that inflammatory markers such as CRP may provide a method of identifying people for whom a specific antithrombotic agent is likely to be more or less effective, a hypothesis requiring direct testing in randomized clinical trials. 
